Background: A limited number of studies aimed at investigating the possible association of Y-chromosome haplogroups with microdeletions of the azoospermia factors (AZFs) or with particular infertile phenotypes, but definitive conclusions have not been attained. The main confounding elements in these association studies are the small sample sizes and the lack of homogeneity in the geographical origin of studied populations, affecting, respectively, the statistical power and the haplogroup distribution. Materials and methods: To assess whether some Y-chromosome haplogroups are predisposing to, or protecting against, azoospermia factor c (AZFc; b2/b4) deletions, 31 north Italian patients carrying the AZFc b2/b4 microdeletion were characterised for 8 Y-chromosome haplogroups, and compared with the haplogroup frequency shown by a north Italian population without the microdeletion (n = 93). Results and discussion: A significant difference was observed between the two populations, patients with microdeletions showing a higher frequency of the E haplogroup (29.3% vs 9.7%, p,0.01). The geographical homogeneity of the microdeleted samples and of the control population, controlled at microgeographical level, allows the possibility that the geographical structure of the Y genetic variability has affected our results to be excluded. Conclusion: Thus, it is concluded that in the north Italian population Y-chromosome background affects the occurrence of AZFc b2/b4 deletions.
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Y
-chromosome long-arm microdeletions are found in 5-10% of men with severe oligospermia and non-obstructive azoospermia, and encompass one or more azoospermia factor (AZF) loci. Deletions of the azoospermia factor c (AZFc) region are clearly among the most commonly known molecular causes of spermatogenic failure in men. 1 These deletions are caused by homologous recombination between the 229-kb-long b2 and b4 amplicons 2 and span 3.5 Mb. Eight different gene families are removed by AZFc deletions, including all members of the DAZ gene family, which represents the stronger candidate for the AZFc phenotype. [1] [2] [3] [4] [5] [6] [7] Although all AZFc deletions are essentially identical in molecular extension, people carrying these microdeletions present variable infertile phenotypes, suggesting the involvement of environmental factors and/or other genetic regions. Furthermore, the function of the AZF genes in human spermatogenesis and the role of the Y-chromosome background in the predisposition to occurrence of deletions is still largely unknown.
At present, around 250 Y single-nucleotide polymorphisms have been discovered and their phylogenetic relationships are well known. 8 These polymorphic markers of the male-specific region of the Y chromosome define monophyletic groups of the Y chromosome, which hereafter we will name as ''haplogroups''.
A limited number of studies have investigated the possible association of Y-chromosome haplogroups with microdeletions or with a particular infertile phenotype, 9 but the contribution of predisposing factors or genetic background to causing deletions is still debated. In particular, only three studies have investigated the possible association between Y-chromosome haplogroups and AZF deletions, [10] [11] [12] all of them failing to establish important associations. These works studied such associations in an European population involving 73 microdeleted samples of heterogeneous geographical origin, 10 in a northwestern European population involving 50 patients 11 and in a Japanese population, more geographically localised but represented by a very low number of people with microdeletions (six patients). 12 All the previous studies that found some suggestion of an association with Y-chromosome haplogroups dealt with infertility. They reported a considerable overrepresentation of the haplogroup K(xL,N,O1,O3c,P) in Danish men with reduced sperm count, which did not reach significance probably because of a small sample size, 13 and D2b Y lineage in Japanese men with reduced sperm count, 14 not confirmed by a later study. 12 However, these association studies require particular attention to two principal factors: (1) the geographical structure of the Y-chromosome variations in the population under investigation, because the Y-chromosome genetic variability is highly geographically structured and the Y-haplogroup distribution changes over different geographical areas 15 ; and (2) the number and selection criteria of the patient and control groups.
To assess whether some Y-chromosome haplogroups predispose to, or protect against, AZFc deletion, we have defined and compared Y-chromosome haplogroup distribution in a group of unrelated Italian infertile men harbouring the b2/b4 deletion (n = 41, 31 of whom were from north Italy) and in a control group represented by fertile men without microdeletions (fathers of at least one child) from north Italy (n = 93).
PATIENTS AND METHODS

Patients
Among infertile men screened in our centre for Y-chromosome microdeletions, we studied 41 patients with the b2/b4 microdeletion. The patients with microdeletion were all Italian, and for 31 of them it was possible to ascertain their north Italian Abbreviations: AZF, azoospermia factor; AZFc, azoospermia factor c; DHPLC, denaturing high performance liquid chromatography; STS, sequence-tagging site origin. The control group was collected from among healthy donors represented by 93 fertile men (fathers of at least one child). We paid particular attention to the geographical origin of the patient and control groups, to exclude the geographical factor as a cause of possible different haplogroup frequencies. Thus, as most of the patients carrying the b2/b4 microdeletions (31/41) were from north Italy, we collected the control population from the same geographical area. All the individuals were unrelated and of north Italian origin back to the grandfather. Informed consent was obtained from each participant; the study was approved by the University of Padova Institutional Review Board.
Molecular analyses
The b2/b4 deletion was characterised through a two-step sequence-tagging site (STS) screening. The first step included sY254 and sY255 (both in the DAZ gene) screening, generally adopted as the standard procedure for the detection of the AZFc deletions, according to the laboratory guidelines for molecular diagnosis. 16 A more detailed characterisation of the deletion breakpoints was performed in a second step, through the screening of the STS flanking and within the most common AZFc deletion (b2/b4): sY1197 (for proximal breakpoint) and sY1125 (for distal breakpoint), and sY1192 and sY1190 (internal).
All the members of the control population were analysed with the STSs sY254 and sY255 for the b2/b4 deletion, and with sY1191 and sY1291 for the partial AZFc gr/gr deletion. 17 Each participant was screened for seven Y-chromosome binary markers (12f2, M89, M09, M45, M96, M145 and TAT) defining eight Y haplogroups (table 1 and fig 1) .
All the biallelic markers, except 12f2 and M89, have been typed through denaturing high-performance liquid chromatography (DHPLC); the typing of TAT through DHPLC, described here for the first time, was carried out by deriving novel primer sequences-namely, TATbF: 59-GGAAAAATACACTACGTC-39 and TATbR: 59-CCCTAATCCTTTTGAGCCA-39 (Invitrogen, Milan, Italy). A PCR was carried out in a 35 ml reaction volume containing 100 ng genomic DNA, 1.4 U AmpliTaq Gold (Applied Biosystems, Brunchburg, New Jersey, USA), 16 18 ; the 12f2 insertion/deletion polymorphism was typed according to Rosser et al 19 by coamplification of a fragment within the deleted region and a PCR control. M89 was sequenced on samples that were not classified by the first screening (ABI PRISM 3730 XL DNA Sequencer, Applied Biosystems).
Statistical analyses
The difference in haplogroup distribution between the control and the microdeleted samples was statistically tested through Fisher's exact probability test on contingency table for single haplogroup 20 after Bonferroni correction and through the exact test of population differentiation 21 for differentiation between populations. The analysis of molecular variance was performed to calculate the level of genetic structure (W ST ) of the whole dataset, and gene diversities were calculated to compare the level of variability within each group; these calculations and gene diversity were performed with Arlequin V.2.0. 22 The analysis was performed for the whole microdeleted sample (hereafter referred to as ''Italian microdeleted'', 41 individuals) and the north Italian subgroup (''north Italian microdeleted'', 31 individuals).
RESULTS AND DISCUSSION
The control population was screened for Y microdeletions through STS analysis, as described in the previous section. The normal presence of STSs sY254, sY255, sY1191 and sY1291 indicated that the control individuals did not carry b2/b4 or gr/ gr microdeletions. The comparison of the haplogroup distribution in the control population and in patients with microdeletions showed a similar haplogroup distribution (table 1 and fig 1) , and no Y-chromosome haplogroup was more prevalent in one population than in the other. The gene diversity is comparable, being 0.65 (0.04) in the control, 0.62 (0.05) in the Italian microdeleted and 0.66 (0.05) in the north Italian microdeleted groups.
However, a more detailed analysis raised some interesting observations (fig 1 and table 2) . First, the W ST value is significant at the 5% level, which is high considering that the samples share the same geographical origin (control group and north Italian microdeleted W ST = 5.44%; p,0.05). Moreover, the two populations are significantly different (p,0.05; table 2) under Fisher's exact test of population differentiation. 21 As we can exclude the possibility that different geographical origins have affected the haplogroup distribution, especially for the north Italian microdeleted, these results suggest a probable role of the Y-chromosome background on the Y-microdeletion event. To assess whether the selected control groups were representative of the north Italian population, we compared the observed frequencies with data from Italian populations, showing perfect data matching 23 (C Capelli, personal communication). The most frequently observed haplogroup, P, is the same in the control group (55%) and in the two groups with microdeletions (48% in north Italian). This haplogroup (or more precisely its sub-branch M173-derived, named R) is the most common haplogroup in Europe. 15 In our survey, we did not observe D and N3 haplogroups. F*(xK,J) was observed at frequencies between 15% and 17% in all the samples, even if it represents the second most frequent haplogroup, with J, in the control population but not in patients with microdeletions. Important differences between the control groups and the groups with deletions were seen for the distribution of the E haplogroup.
The J haplogroup varied between the control group (15%) and the group with microdeletions (3%). However, the difference is not significant (p,0.05). However, the difference of the E lineage frequency is significant, reaching 10% in the reference population and increasing dramatically in the microdeleted samples (32%, p,0.01; table 1).
The E lineage mean frequency in north Italy is about 11%, a frequency similar to that found in our control population 24 25 (C Capelli, personal communication 2006). These observations reinforce the importance of the findings of this study, as the high frequency of the E haplogroup observed in the sample with microdeletions (32% in north Italian microdeleted) has not yet been reported in any Italian population. Such a high frequency would not be expected, even if the patients are predominantly from south Italy, where the maximum E lineage is ,25% (C Capelli, personal communication 2006).
Our results on the E haplogroup suggest that this particular background is more prone to rearrangements, and in particular to b2/b4 microdeletions, than other haplogroups. One would have expected that selection would have acted to lower its frequency, but this does not seem to be the case. This E haplogroup is distributed over a wide area (eastern and northern Africa, the Near East and Europe) 25 and the most recent ancestor with which it is associated is a long time ago (95% CI 21.1 to 25.4 6 1000 years). 25 For AZFc and other Ychromosome deletions causing spermatogenesis failure, the prevalence of the deleted Y chromosome is ,0.03%, about the rate at which the deletions arise, 2 6 not high enough for selection to dominate over genetic drift. Moreover, evaluation of the effect of selection and in particular of reduced frequency is difficult as variable infertile phenotypes are associated with the patients with AZFc deletions presented here (from oligozoospermic to azoospermic). As not all of them lead to complete infertility, the effect of selection is probably weakened, as also supported by the evidence of cases of father-toson transmission of microdeletions. 1 The counterpart of the E haplogroup-increased frequency in the microdeleted chromosomes is the reduction of the J haplogroup frequency in the microdeleted samples (one individual, table 1), which is much lower than the 15% observed in the control population, even if the difference is not statistically significant. The Y chromosomes belonging to this haplogroup have already shown that they protect against the occurrence of Y-chromosome microdeletions because of the molecular characteristics of the J haplogroup. In fact, it does not contain the LIPA4 element that is supposed to facilitate the homologous intrachromosomal recombination leading to AZFa deletions. 26 This association study between b2/b4 microdeletions and Ychromosome haplogroups is the first with a large number of patients with microdeletions and in which the geographical origin of both the patient and the control populations are highly comparable at a microgeographical level. This factor is important for all the studies involving Y-chromosome distribution as it is usually distributed over clines even in regional studies, 27 and this obviously greatly affects the comparison of haplogroup frequencies from two populations if they do not originate from the same area. This bias could have hindered possible associations in previous studies performed on a small number of patients or on subjects from different geographical areas. We thus present here a reliable significant signal of association between the b2/b4 microdeletion occurrence and haplogroup E, occurring at higher frequency in the north Italian microdeleted than in the non-microdeleted north Italian population.
We thus conclude that in the north Italian population, Ychromosome background affects differently the occurrence of AZFc b2/b4 deletions, with haplogroup E probably predisposing to the occurrence. Studies on other well-defined populations and further molecular analyses for greater identification of E sub-lineages, and possibly microsatellite variability, will help to clarify the implication of our results also for infertility status. 
